The utility of three-dimensional (3D) kinematic motion analysis systems is limited in rodents. Part of the reason for this inadequacy is the use of complex algorithms and mathematical modeling that accompany 3D data collection and analysis procedures. This work provides a simple, user-friendly, step-by-step detailed methodology for 3D kinematic gait analysis during treadmill locomotion in healthy and neurotraumatic rats using a six-camera motion capture system. Also provided are details on 1) calibration of the system in an experimental set-up customized for quadrupedal locomotion, 2) data collection for treadmill locomotion in adult rats using markers positioned on all four limbs, 3) options available for video tracking and processing, and 4) basic 3D kinematic data generation and visualization and quantification of data using the built-in data collection software. Finally, it is suggested that the utility of this motion capture system be expanded to studying a variety of motor behaviors before and after neurotrauma.
Introduction
In rodents, forelimb and hindlimb locomotor deficits after neurological disorders are commonly assessed using subjective scoring systems 1 . Automated systems 2, 3, 4, 5 have been adopted for gait analysis but suffer from disadvantages, because the primary outcomes are based on footprint analysis and fail to capture crucial segmental and joint kinematic variables that can otherwise reveal true kinematics of limb movements 2 . Since most gait parameters are correlated, a collection of gait parameters is needed to understand compensations adopted by rats to completely assess motor deficits.
In the past decade, several 3D motion analysis systems 6 have been developed for biomedical research in humans. These systems have been successful and proven to be effective in capturing deficits in locomotion in healthy human adults as well as altered kinematics of walking 6, 7 . In rodents, currently available 3D kinematic motion systems adopt complex algorithms and modeling for the movement behavior and utilize sophisticated data analysis techniques 8, 9, 10, 11 , which eventually limit their versatility. Moreover, the methods used for collecting data with most 3D motion capture systems are not adequately explained in the literature. The details on data collection and analysis procedures, limitations, and techniques involved in effectively using the system are lacking.
Consequently, one of the common notions among researchers is that 3D motion tracking kinematic assessments are rather effortful and timeconsuming procedures that need technical expertise and elaborate data analysis. The intent of this work is to break down the data collection and analysis protocols and describe the methodology through a step-by-step process so that it is objective, easy-to-learn, and can be systematically approached. Today, there is an emerging emphasis on assessing functional motor behavior in a more comprehensive and systematic manner following neurological injuries and interventions in preclinical studies.
In the realm of quadrupedal locomotion, presented here is the use of a 3D motion tracking system that can provide additional information such as body posture, paw rotation with respect to body axes, inter-relationships of joints, and more accurate information regarding coordination, all while concurrently visualizing the whole animal from all planes. This, in turn, can reveal critical differences in motor behavior within and between healthy and injured rats through multiple outcomes. With a more refined kinematic analysis that is accurate and objective, the risk of wrongly inferring effects of an intervention is minimized. The generated data from this motion capture software is visualized frame-by-frame for the quality of movement and can be automatically tracked, and data collection or quantification does not require any additional algorithms or modeling. The aim of this work is to provide methodological details and considerations involved in data collection and analysis of 3D gait kinematics during treadmill locomotion in healthy and spinal cord-injured rats. This protocol is intended for use by preclinical researchers who utilize neurological rat models in experiments.
1. Right-click Phases and select Edit phase model. 2. Customize gait cycle phases for each limb according to the deficits one chooses to study (e.g., addition of drag phases, toe curl phases, etc.) within the traditional stance and swing phases of a step cycle. Define the phases for the experiment (Figure 6) . NOTE: For demonstration purposes, three phases are shown here, and the left hindlimb is used as the reference limb for the seven to ten gait cycles. 3. Right-click the camera in the camera group and select show video. 4 . Assign phases of the gait cycle for each limb within the software using the add phase button or F11 shortcut key. 5. Select the appropriate limb under analysis and designate the first frame of tracking as the start of the Stance phase. 6. Progress the video to the frame where stance phase ends and swing phase starts. Designate this frame as the start of Swing phase. 7. Progress the video to the first frame where foot begins to descend. Designate this frame as the start of Mid swing phase.
NOTE: Herein, the stance phase of a step cycle for each limb is defined as the first frame in which the limb contacts the treadmill surface. Swing phase is defined as the first frame in which the limb leaves the treadmill surface. Mid swing phase is the frame where the limb achieved maximum clearance and begins to descend. A complete gait cycle is defined from the onset of initial stance to the stance phase assignment of the next gait cycle. 8. Repeat these steps until the limb phases assignments are complete for each step. Repeat for the other three limbs.
2. 3D coordinate calculations 1. Perform 3D calculations after tracking all six cameras. 2. Right click on the camera group and select New 3D calculation, click All for camera selection and then select OK. NOTE: A new folder will appear. This folder contains all the 3D coordinate data for all the markers tracked. To view and/or edit phases, right-click on 3D coordinates in the left sidebar and select Edit Phases (Figure 7 ). 3. Generate data of interest such as joint height or velocity diagrams with data points by dragging out marker of interest to view side by side with the assigned gait phases. (e.g., joint kinematics in Figure 8 ).
3. 3D diagram 1. Click 3D diagram to generate a 3D figure of the trial.
4. Export raw data by right-clicking 3D coordinates/Export. 
Representative Results
This protocol demonstrates a methodology for quantitative 3D kinematic data collection and analysis for treadmill locomotion in rodents using a simple, built-in software. The results show that the protocol is feasible in collecting and analyzing quadrupedal locomotion kinematics in healthy and spinal cord-injured rats. Researchers with rat handling experience must place markers on rats, then calibrate and use the motion capture system without any critical issues. Data are easily generated without the use of complex algorithms.
Here, the protocol was implemented in healthy and spinal cord injured (C5 right hemisection) rats. For the purpose of this manuscript, only representative results are shown. Overall, various kinematics of joint and limb segment movement were easily obtainable from the 3D coordinates of each marker. Critical differences between abnormal gait and healthy gait cycles were easily detected with multiple outcomes, including (but not limited to) step height measures, joint velocity, joint angle (Figure 9 ), step cycle phase durations for all four limbs, and limb coordination (Figure 10) . Analysis of qualitative data in the form of plots and stick diagrams can guide determination of the quantitative tools used to implement for the final outcomes of this analysis approach (Figure 11) .
In a representative healthy rat, the elbow angle profile demonstrated smooth, single peaks with consistent adjacent gait cycles that displayed a complete range of motion (Figure 9 ). The alternating stance phase and swing phase durations of the traces suggested consistent intralimb coordination. In contrast, the elbow angle profile of a representative spinal cord injured rat demonstrated multiple distorted peaks, which were less consistent and of smaller ranges of motion. In addition to alterations in the lengthened stance phase and shortened swing phase durations, there was a deficiency in intralimb coordination for the RFL.
In the presented representative data plotted for coordination, it was found that coordination plots (Figure 10 ) generated from representative healthy rats showed well-defined, alternating rhythmic coordination in ipsilateral limbs during gait cycles (L-shaped pattern) and in-phase D-shaped pattern with contralateral limbs. In comparison, a representative spinal cord-injured (C5 right hemisection) rat showed poor nonalternating and non-rhythmic coordination in ipsilateral limbs and an unusual alternating rhythmic coordination (L-shaped pattern) in one of the contralateral limb pairings (Figure 10) . Given the observable deficit in the right forelimb in the recorded motion video, this suggests that the RFL and LHL were unable to bear full weight without the support of either LFL or RHL at any given time. This trend suggests a compensatory mechanism to cope with the forced walking speed on a treadmill.
Quantifiable data were easily generated from use of the 3D system, but this involved accessing separate tabs and selecting from a multitude of options available within the software. There is current work on developing an automated template that will generate quantitative and qualitative data into a single report for the most obvious outcomes of interest (without the need to individually generate different outcomes), as is routinely done with kinematics system utilized for clinical studies. Thus, several endpoints can be compiled and exported in a report format that can be easily visualized immediately after a trial. Iterations for outlier-detection 4
Allowed wand-length-deviation 0.3
Wand must be visible in at least __ cameras 4
Fix aspect ratio Checked
Fix skew parameter Checked
Fix principal point Checked Table 1 : Advanced settings for calibration. The table summarizes the parameters we used to accurately calibrate the six-camera set-up. These settings were experimentally tested and found optimal for our set-up.
Discussion
This protocol article demonstrates the use of a motion tracking system for the collection and analysis of 3D kinematic data during quadrupedal treadmill locomotion in rodents. Important features of the 3D kinematic motion analysis system include detailed quantification of kinematics of joint movement (step phase kinematics, joint angles, range of motion, step velocities) from multiple joints and limbs simultaneously, detection of motor deficits unmeasurable by the naked eye, elimination of subjective bias in data collection and analysis, and easy visualization of the whole limb and postural kinematics that can be compared with simultaneous juxtaposition of the entire rat in motion. Without the need for added algorithms and modeling, the methods show the software's capability to quantitatively analyze kinematics of gait with great detail, efficiency, ease, precision, and reproducibility.
In rodents, forelimb and hindlimb locomotor deficits after a spinal cord injury (SCI) are commonly assessed using subjective and standardized locomotor scoring systems such as the BBB scoring system 1 . Subjective scoring systems generally introduce tester bias because different researchers may assign different scores for the same motor deficit or same score for different motor deficits, resulting in reduced reproducibility and sensitivity of the test 13 . Moreover, the inability to detect subtle deficits wears the risk of wrongly inferring on effects of an intervention.
To combat these problems, automated systems 2,3,4,5 and systems with or without the use of complex algorithms 14, 15 have been adopted by some investigators. These tests perform step cycle analysis that reveal weight bearing profiles and step sequence patterns derived from paw placement movements of rats walking across a runway. However, a major disadvantage of ventral plane video gait analysis is that the subject's body itself is not directly visible 2, 3 . These data become limited to information obtained from impressions of feet and paw movements, questioning the selection and interpretation of gait parameters in assessing deficits (see Chen et al. 16 ). Details of movement that reveal dynamic segmental kinematics of limb movement and positioning are not accurately obtainable for locomotion analysis 3, 5 . Critical deviations of joint angle data (i.e., range of motions, velocity of movements, etc.), relationship of joints with respect to each other within a limb and between limbs, and underlying body mechanics that alter gait patterns are impossible to obtain. As such, whether any observable gait impairments are consequent to alterations in single and/or multiple segmental joint movements (i.e., proximal-distal intralimb coordination, postural relationships of the trunk with respect to the position and gait cycle of the limbs, etc.) remain masked.
Few currently available systems capture gait kinematics and assess motor dysfunction qualitatively and quantitatively but are less widely used. A full-body high speed video-tracking gait analysis system films spontaneous gait cycles from three sides (one ventral and two lateral planes) and track bony landmarks to output a number of gait outcomes 17, 18 . Sagittal plane kinematic gait analysis is employed by some researchers to obtain 2D motion data of the interested hindlimb 19, 20 . However, a third dimension of movement that occurs orthogonal to the viewing plane (lateral or sagittal) is undetectable in the analyses 11, 18, 19 .
Other more sophisticated, 3D, three body-segment rodent body postural data collection systems utilize 3D mathematical modeling of data collection as well as analysis system to track and quantify the 3D motion of the rodent's body-segments while including head motion patterns 8 . Madete et al. 9 have developed a marker based optoelectronic motion capture system to quantify 3D body postural kinematics during overground locomotion on walking beams using a seven camera system. The main outcomes studied in the latter two works primarily focus on the overall posture of the rodent rather than gait analysis. 3D motion capture systems provide high throughput 3D kinematic gait data using multiple cameras and elaborate software systems, as reviewed by Bhimani et al. 21 . Older versions of the presented 3D motion analysis system have also been used in previous work in rats with and without neurotrauma 12, 22, 23 .
Despite the availability of 3D motion collection and analysis systems for research, preclinical use of this technique in rodents remains relatively limited. Part of the reason for this problem is that the data collection and analysis protocols rely heavily on the use of building kinematic models and complicated algorithms that fit a kinematic model of the rat's hindlimb during walking to generate fine, high-resolution gait kinematics 8, 9, 11, 22 . The detailed methodology presented here provides details of the procedure involved throughout the experimental process including animal handling, training, experimental set-up, data collection, and analysis steps.
Also provided are details on calibration of the system, which is the fundamental part of the protocol, that will assure reproducibility between adjacent trials within and between subjects. The described step-by-step techniques introduce objectivity into the data collection procedure and make it highly reproducible. The generated data from this motion capture software can be visualized frame-by-frame for quality of movement and automatically tracked. Further described is how this data collection or quantification does not require any additional algorithms or modeling. Students, staff, and researchers can utilize simple statistical software to generate basic kinematic output without reliance on specific technical expertise.
This system can also be used for overground locomotion, reaching and grasping, and other experimental set-ups to suit the experimental goal. The number and type of markers can also be adjusted for the tail, back, trunk, or ears, as needed. A bigger advantage of the presented software in comparison to systems is its ability to collect high-resolution video data of the subject. As such, complex sets of calculations (i.e., angular motions, stick lines connecting multiple joints, etc.) can be superimposed onto the recorded video. Marker placement and the generated 3D data can be verified with actual movements of a rat in motion. In contrast, with the other 3D motion capture system, only the markers are captured, and any re-analysis must be done on the stick diagrams (skeletal framework) instead of the video of the actual subject. Consequently, verification of marker placement on actual subject movement is lacking.
Based on experience with this system, calibration plays a crucial role in the success of data collection. The calibration of the system is highly sensitive to change. and slight movement of any one camera can compromise the entire 3D coordinate data collection and analysis process. Only two cameras on each side of a viewing plane are required for data collection, but the third camera is highly recommended to provide more accuracy by cross-referencing the locations of each marker with other cameras. As the number of tracking cameras increase, the accuracy of the 3D coordinate for a specific marker will also increase. During occasions in which markers become obscured due to gait deficits (such as toe curling or drag in the case of gait after neurotrauma), these conditions may demand extensive manual tracking. Nevertheless, the amount of data eventually generated from the tracking is worthy of the time invested in manually tracking the markers, making it an invaluable tool in detecting subtle motor deficits.
In our experience, any tediousness associated with use of the system lies beyond use of the equipment and technology itself. Similar to other protocols for assessment of motor behaviors, the method with which rats are handled and trained for the task greatly affects outcomes. For example, isolating rats from their cohort is critical during testing; otherwise, rats that are not tested but are still present during testing show eventual deterioration of task performance. Optimal room temperatures, lighting, and noise levels are other determinants. Fouad et al. published other challenges that accompany functional motor testing in rats 24 . Indeed, blinded users from this laboratory who followed the methodology correctly did not experience any major hurdles with data collection, motion tracking, and data analysis.
In this paper, a 3D motion capture system to collect and analyze locomotor data effectively is described so that researchers can gather enormous amounts of in-depth locomotor data quickly from multiple rats. We are currently working on creating an automated data analysis template that can be built into the software and become capable of generating a report of pre-determined outcomes within few seconds for treadmill locomotion in rodents, similar to what is done in human studies using motion capture and analysis systems 6, 25 . The development of this template will permit preclinical researchers to obtain detailed rodent locomotor data at the convenience of few clicks of a mouse button. It is hoped that the methods provided in this work will prove useful to preclinical researchers to assess rodent motor behavior more objectively. We are now finessing the use of this system to collect high-throughput 3D kinematic data during common, skilled forelimb behaviors such as reaching and grasping. Importantly, the usefulness of this method can be expanded to rats with a variety of neurotraumatic and non-neurotraumatic injuries.
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